Abstract -Localization inside the human body using ultrawideband (UWB) wireless technology is gaining importance in several medical applications such as capsule endoscopy. Performance analysis of RF based localization techniques are mainly conducted through simulations using numerical human models or through experimental measurements using homogeneous phantoms. One of the most common implemented RF localization approaches uses the received signal strength (RSS). However, to the best of our knowledge, no experimental measurements employing multilayer phantoms are currently available in literature. This paper investigates the performance of RSS-based technique for two-dimensional (2D) localization by employing a two-layer experimental phantom-based setup. Preliminary results on the estimation of the in-body antenna coordinates show that RSS-based method can achieve a location accuracy on average of 0.5-1 cm within a certain range of distances between in-body and on-body antenna.
I. INTRODUCTION
Wireless Capsule Endoscopy (WCE) is a remarkable and attractive technology adopted in the biomedical sector. It provides a non-invasive wireless imaging technology for the entire gastrointestinal (GI) tract. WCE allows specialists to recognize and diagnose diseases affecting the whole GI tract. Although physicians can receive clear pictures of abnormalities in the GI tract, they have no information about their exact location. Precise localization of the detected disorders is crucial for the subsequent removal procedure by surgery. Thus, the potential of WCE in replacing the conventional gastrointestinal endoscopy and colonoscopy highly relies on the location and tracking accuracy of the capsule along the GI tract.
In recent years, different approaches for WCE localization have been investigated. These technologies can be distinguished into those employing magnetic field [1] , [2] , those using imaging algorithms [3] , [4] , [5] , and those based on Radio Frequency (RF) signals [6] , [7] . Employing the RF signal used for image transmission to also locate the WCE constitutes an efficient and easy solution that does not increase the complexity of the capsule.
Classical localization approaches based on RF signal consist, as a first step, in the estimation of one or more locationdependent parameters, such as time of arrival (ToA) [8] , [9] , time difference of arrival (TDoA) [9] , received signal strength (RSS) [8] , or phase difference of arrival (PDoA) [10] , [11] . Then, in a second step, the collected parameters are used to estimate the capsule's position through trilateration method.
One of the most common implemented localization approaches uses the received signal strength due to its simplicity [8] , [12] . In this technique the attenuation of the received signal strength can be modeled as a function of the distance from the in-body source. Thus, the accuracy of the path loss model of the propagation channel heavily affects the position estimation.
Currently, the frequency band allocated for capsule endoscopy applications is the MICS band (402-405 MHz). This band offers data rate up to 500 kbps, which is insufficient to transmit high quality images. Recently, Ultra-wideband (UWB) technology has been attracting attention as potential candidate for next-generation WCE systems [13] . The advantages of UWB include simple transceiver architectures enabling lowpower consumption, low interference to other systems and wide bandwidth resulting in communications at higher data rate. In addition, UWB systems are capable of high accuracy ranging in challenging multipath environments such as the human body.
In current literature, the majority of studies on RF localization techniques at UWB frequencies is based on Finite Difference Time Domain (FDTD) [12] , [14] simulations by employing digital models of the gastrointestinal (GI) tract. Measurement campaigns using homogeneous phantom have also been conducted [15] . Homogeneous phantoms poorly approximate the complexity of the human body as they can mimic only one human tissue. To the best of our knowledge no analysis based on experimental measurements using multilayer phantoms have been reported yet, due to the complexity to precisely emulate the electromagnetic properties of different tissues in the entire UWB frequency band. Nevertheless, recent researches carried out at Universitat Politècnica de València (UPV) [16] , [17] have accomplished with this necessity. Using chemical solutions, such phantoms emulate with a high accuracy different human body tissues from 0.5 GHz to 18 GHz, which includes the entire UWB frequency band.
In this paper, the performance of RSS-based technique for UWB in-body to on-body (IB2OB) communications employing a customized measurement setup, including a two-layer phantom model, are presented. Section II presents the experimental phantom-based setup used for the in-body measurements and describes the measurements methodology. Section III.A illustrates the implementation of RSS-based localization approach for the two-dimensional (2D) case. Performance metrics and obtained results are presented in Section III.B. Finally, conclusions and future research plans are discussed in Section IV.
II. MEASUREMENT SETUP AND METHODOLOGY
For the sake of brevity a brief summary of the implemented phantom-based measurements setup ( Figure 1 ) is given here. A more detailed description of the experimental testbed can be found in [18] . The primary components of the measurement setup are: an anechoic chamber, a Vector Network Analyzer (VNA), a three-dimensional automatic positioner, a two-layer plastic phantom container and a magnetic tracker. All the equipment are software-driven by a laptop. The anechoic chamber is used to isolate the interior from the external environment so that undesired contributions from the surroundings will not affect the measurements. The 3D Cartesian positioner ( Figure 1 , element 2a) is in charge of accurately moving the in-body antenna along the x, y, z axis, inside the liquid phantom. The 3D magnetic tracker transmitter ( Figure 1 , element 4a) is the absolute reference system for our localization purposes. Through the generation of a magnetic field and the sensors attached to the in-body and on-body antenna, the distance between antennas as well as the x, y, z coordinates of each antenna can be precisely evaluated.
In WCE scenario colon, muscle and fat are the primary tissues involved in the procedure. Due to the fact that muscle and colon have comparable permittivity, only muscle tissue was employed for the experimental measurements. Muscle-like tissue is the most widely used for this kind of measurements, and, in addition, the muscle phantom created at the UPV [17] is the most accurate so far, covering the whole UWB frequency band. Therefore, the novel phantom container (Figure 1 , element 5) was designed for two layers: one for the muscle phantom of dimensions 23 × 25 × 25 cm 3 and one for the fat phantom of dimensions 2 × 25 × 25 cm 3 .
Lastly, both antennas used are UWB patch antennas [19] , [20] with quasi-omnidirectional radiation pattern and dimensions of 2.3 cm × 2 cm and 5 cm × 4.4 cm for the in-and on-body antenna, respectively.
During the experimental campaign, the phantom container was located inside the anechoic chamber. The in-body antenna was attached to the 3D Cartesian positioner and immersed in the muscle layer. Such antenna was moved in steps of 1 cm along x, y, z axis with a grid size of (Nx=12, Ny=11, Nz=2) as shown in Figure 2a ).
Five different positions, with a separation of 2 cm, over the outer fat-like phantom edge (Figure 2a) ) were considered for the on-body antenna. For each location, the in-body antenna movement along x, y, z axis was repeated in order to emulate five on-body antennas receiving at the same time. For each inbody to on-body antenna position the forward transmission coefficient (S21) was measured in the 3.1 -8.5 GHz UWB band, considering 3201 resolution points in frequency. The noise level was assessed to be -90 dBm. For each location, measurements were repeated five times (snapshots) with the aim of improving the Signal-to-Noise Ratio (SNR). Then the average S21 was evaluated. As the magnetic sensors attached to the antennas are highly sensitive to small movements, for each snapshot, the position was calculated 100 times in order to minimize the errors. Then, the distance between antennas as well as their x, y, z coordinates were calculated by averaging the 500 collected measurements, per in-body to on-body position.
III. RECEIVED SIGNAL STRENGTH (RSS) POSITIONING

A. Localization Algorithm
For the sake of this work, only measurements whose relative received power is above the noise level are taken into account. Specifically, measurements from 3.1 -4.1 GHz are considered here.
From the measured 21 S , path loss values for each in-body to on-body antenna position are calculated as follows: 2 10 10log PL dB mean H f In order to evaluate the performance of the RSS-based technique, a perfect knowledge of the channel is assumed. This means that for each IB2OB antenna position the channel impulse response is assumed to be completely known, i.e., we can detect all the multipath components and therefore, we can precisely compute the path loss at the receiving side. We considered the most ideal case. Through the log-distance fitting model previously evaluated an estimation of d can be obtained as: Considering the receivers configuration in Figure 2a) , it is important to observe that all receivers are located in the same (y-z) plane i.e., they share the same x coordinate. This results in the possibility to evaluate only two coordinates of the in-body antenna, i.e., y and z, as depicted in Figure 2b ).
For the estimation of the in-body antenna coordinates the technique described in [21] is used. The method is suitable for 3D localization but it can be easily adapted for 2D localization. Such methodology is explained in the following.
Let C = (yIB, zIB) be the coordinates of the in-body antenna at time instant t and Ri = (yi, zi) the position of the ith receiver. For 2D localization, as shown in Figure 2b ), at least three receivers are needed, one taken as reference, to get a linear system in 2 unknowns yIB, zIB in the form of:
Ax b
(4) where A and x are given by
IB n IB n y y x z z (6) and b is given by
where n R = (yn, zn) is the position of the reference receiver, ˆn d C is the estimated distance between the in-body antenna and the nth reference receiver, in d is the distance among the ith receiver and the nth reference receiver and ˆi d C is the estimated distance among the in-body antenna and the ith receiver. Finally, (yIB, zIB) are obtained by solving Eqn. (4) as follows:
where .
T represents the transpose of a matrix.
Further details regarding the methodology can be found in [21] .
B. Performance Metrics & Results
As explained in section A, from the measured 21 S a logdistance path loss model is obtained for distances among antennas between 4 and 8 cm. Figure 3 depicts the path loss values obtained from measurements along with the related logarithmic fitting (2) being d0=1 cm, PL0,dref=-26.676 dB and n=9.6518.
From the 2D coordinates the localization error (LE) and its related relative error can be defined as: In order to locate the in-body antenna different combinations of three receivers (one of them taken as reference) were used. In this way, the solution of Eqn. (4) will be unique. Here, we accomplished a first estimation of the in-body antenna coordinates by directly solving Eqn. (4) with two equations (2D case). Figure 4 depicts in a) the relative error on the estimation of the actual in-body antenna location computed as in (10) for several combinations of different receivers, while in b) the Cumulative Distribution Function (CDF) of such relative error is shown. One can observe how the combination of receivers 2, 3 (reference), 4 (red line) performs better compared to the other ones leading to lower relative errors in the position estimation. This is more noticeable in Figure 5 which shows the true inbody antenna locations vs the estimated ones with the three different combinations of receivers. In fact, blue and magenta dots, compared to the red ones, are the most spread out with respect to the true location of the in-body antenna (black dots). This is due to the fact that receiver 3 (Figure 2a) ) is the closest to the first position of movement along y of the in-body antenna, per cm increase on x. Taking it as reference and using receivers 2 and 4, which are located in the direction of movement of the in-body antenna, results in a more accurate estimation compared to the other combinations of receivers. Figure 6 depicts in a), b) the relative error on the estimation of the in-body antenna coordinates (yIB, zIB), respectively. One observation is that for all the receivers combinations the relative error on the estimation of zIB is lower than the one for yIB. This can be explained looking at Figure 7 where the absolute errors on the estimation of yIB (Figure 7a ) and on the estimation of zIB (Figure 7b ) are reported. One can observe that the absolute values of the error in both coordinates are very similar. Therefore, since IB IB z y , the relative error calculated in Eqn. (11) and (12) results lower for the coordinate zIB.
Furthermore, even in Figure 7 less variability in absolute error values can be observed for the combination of receivers 2, 3 (reference), 4 in red color. Lastly, Figure 7 also shows that, in terms of absolute error, accuracy on average of 0.5 cm on the estimation of yIB and of 1 cm on the estimation of zIB can be achieved by employing RSS-based algorithm.
IV. CONCLUSIONS
In this study the performance of RSS-based technique for 2D localization of in-body devices operating in UWB frequency band have been investigated. Analysis have been conducted through an experimental customized testbed employing a twolayer phantom model to emulate different human tissues. A first estimation of the in-body antenna coordinates by directly solving a system of two equations (2D case) in 2 unknowns has been obtained.
Results show that for distances up to 8 cm among transmitter and receiver a localization accuracy on average of 0.5-1 cm can be obtained with RSS-based approach. Furthermore, the location of the receivers used to estimate the in-body antenna coordinates plays a key role in achieving a precise localization.
In the future, minimization error algorithms will be implemented when more than three receivers (2D case) are used for localization, in order to improve the estimation of the inbody antenna coordinates. Additionally, ToA based-technique will also be investigated.
Further studies on the relationship between obtained results and the different location of the receivers combinations used should be carried out.
Finally, new experimental measurements with the presented custom-made setup will be conducted for 2D and 3D positioning. The main goal will be replicating the same measurements campaign presented here for all the edges of the multilayer phantom container in order to improve the localization accuracy of the in-body antenna.
